The preparation of a coating consisting of Ni aluminide containing a small amount of Hf was carried out by the electrodeposition of Ni using an aqueous solution and the electrodeposition of Hf and Al using a molten salt. Furthermore, in order to change the depth of the layer containing Hf in the coating, a four-step electrodeposition of Ni, Hf, Ni and Al was carried out, and the times of the first and third Ni electrodepositions were changed. As a result, coatings consisting of Ni aluminide, which contained different depths of the Hf-containig layer, were formed. The cyclic-oxidation resistance of these specimens was evaluated in air at 1423 K. For the specimen with a shallow Hf-containing layer in the coating, the specimen mass reduction due to spallation of the scale was observed, whereas for the specimen with a deep Hfcontaining layer, the specimen mass reduction was only slightly observed and a high-cyclic oxidation resistance was obtained. Among the specimens with a deep Hf-containing layer, the specimen prepared by Hf deposition for 0.6 ks showed the highest cyclic-oxidation resistance. For this specimen, the scale formed on the coating after the oxidation test consisted of Al 2 O 3 . This scale was adhesive, and locally entered the metal substrate.
Introduction
Ni aluminide has become a promising coating as a high temperature material because Ni-aluminide has a high oxidation resistance due to the formation of a protective Al 2 O 3 scale. However, for the Al 2 O 3 scale on the Ni aluminide, spallation occurred during thermal cycling, and the oxidation resistance of the Ni aluminide was poor.
1) It was reported that the addition of a small amount of reactive element, such as Y or Hf, is effective for improving the spallation of the Al 2 O 3 scale on the Ni aluminide. 2, 3) We already succeeded in the forming of Ni aluminide layer containing small amounts of Y by the stepwise electrodeposition of Y, Ni and Al on the Ni-base alloy and improved the cyclic-oxidation resistance of the Ni-base alloy. 4) In the present study, the forming of a Ni aluminide layer containing small amounts of Hf by the stepwise electrodeposition of Hf, Ni and Al on the Ni-10 at%Cr-8 at%Al alloy was attempted.
The electrodeposition using an aqueous solution as the electrolyte has been widely used. However, Al and Hf, which constitute the Ni aluminide containing Hf, cannot be electrodeposited from aqueous solutions because both metals have electrodeposition potentials lower than the reduction potential of water. We have succeeded in the electrodeposition of Al 5) and Hf 6) from a molten-salt. In the present study, a highly oxidation-resistant coating consisting of Ni aluminide containing Hf was prepared by the stepwise electrodeposition of Hf, Ni and Al using the moltensalt. Specifically, the control of the Hf deposition depth in the Ni aluminide layer was carried out, and the influence of the Hf deposition depth on the cyclic-oxidation resistance of the Ni aluminide coating was studied.
Experiment
The Ni-10 at%Cr-8 at%Al alloy was used as the substrate. Figure 1 shows a schematic representation of the preparation processes of the Ni aluminide layer containing Hf with different depths. For (a), a three-step electrodeposition of Hf, Ni and Al was carried out. For (b), (c) and (d), a four-step electrodeposition of Ni, Hf, Ni and Al was carried out, and the times of the first and third Ni electrodepositions were changed. For the electrodepositions of Al and Hf, equimolar NaClKCl melts at 1023 K containing 3.5 mol% AlF 3 and 3.5 mol% HfF 4 were used as the electrolytic baths, respectively. The electrodepositions of Al and Hf were potentiostatically carried out at ¹1.4 and ¹1.8 V (vs. Ag/ AgCl(0.1)), respectively. The electrodeposition of Ni was carried out by galvanostatic electrolysis at 200 A m ¹2 using a Watt's solution at 323 K. After the electrodeposition treatment, a cross-section of each specimen was observed and analyzed by SEM and EPMA, respectively. The cyclicoxidation resistance of the specimens after the electrodeposition treatment was evaluated by measuring the oxidation mass gain curve in air at 1423 K. For the cyclicoxidation test, the time of one cycle was 3.6 ks.
Results and Discussion
3.1 Morphology of surface layer after Ni, Hf and Ni electrodeposition Figure 2 shows cross-sectional micrograph (back-scattered-electron image) and concentration profiles of Ni, Cr, Al and Hf obtained by EPMA analysis of the specimen with a surface layer formed by Ni electrodeposition for 1.8 ks and Hf electodeposition for 0.6 ks, followed by Ni electrodeposition for 1.2 ks (process(c), before Al deposition). The formation of the surface layer with about a 16-µm thickness was observed. The surface layer consisted of an outer Ni layer (about 4-µm) and inner NiHf alloy layer (about 2-µm)/Ni layer (about 10-µm). The NiHf alloy layer contained 2050 at%Hf. It was confirmed that the depth of the NiHf alloy layer could be changed by the change in the first and second Ni-electrodeposition times. Figure 4 shows the results of a cycle-oxidation test of the specimens prepared by the (a), (b), (c) and (d) processes in air at 1423 K. For comparison, the results of an untreated Ni-10 at%Cr-8 at%Al alloy and the specimen treated with the Ni and Al depositions without Hf-deposition are also shown. For the untreated specimen and the specimen with the Ni and Al deposits without Hf-deposition, a mass loss due to spallation of the scale was observed. For the specimens prepared by the (b), (c) and (d) processes, mass losses were also observed. However, the mass losses for the specimens prepared by the (b), (c) and (d) processes were lower than those of the untreated specimen and the specimen with the Ni and Al deposits without Hf-deposition. On the contrary, for the specimen prepared by the (a) process, the mass loss was only slightly observed. These results show that the cyclicoxidation resistance of the specimens with Ni aluminide containing Hf was higher than that of the specimen with Ni aluminide without Hf, and the specimen with Ni aluminide containing Hf had a high cyclic-oxidation resistance when the layer containing Hf was formed at a deep site in the Nialuminide.
Morphology and composition of Ni-aluminide layer

Cyclic-oxidation behavior
Next, the preparation of the Ni-aluminide layers by the (a) process, for which the Hf electrodeposition time was changed from 0.06 to 1.8 ks, was attempted. Figure 5 shows the results of a cyclic-oxidation test of the specimens with the Nialuminide layers formed by the (a) process, for which the electrodeposition time of Hf was changed from 0.06 to 1.8 ks, in air at 1423 K. The specimens with the coatings formed by the Hf electrodeposition for 0.06, 0.3, 1.2 and 1.8 ks showed the same oxidation behavior. Thus, the mass of these specimens decreased with an increase in the number of cycles after about 20 cycles. On the other hand, for the specimen with the coating formed by the Hf electrodeposition for 0.6 ks, the mass loss was only slightly observed. This indicates that the specimen with the coating formed by the Hf electrodeposition for 0.6 ks has a high cyclic-oxidation resistance. These results suggest that for the specimens with the Ni-aluminide layers formed by the (a) process, a high cyclic-oxidation resistance appears when the Hf electrodeposition is carried out with the appropriate time. Figure 6 shows cross-sectional micrographs and concentration profiles of the Ni, Al, Cr, Hf and O of specimens with Ni aluminide layers formed by the (a) and (d) processes after 60 cyclic-oxidations. For the specimen with the Ni aluminide layer formed by the (a) process, which showed the highest cyclic-oxidation resistance, an approximate 60-µm thick coating was observed. This coating contained about 20 at% Al. A continuous scale consisting of Al 2 O 3 had formed on the coating. On the contrary, for the specimen with the Ni aluminide layer formed by the (d) process, an approximate 40-µm thick coating was observed. As the mass loss of this specimen was high during the cyclic-oxidation test, the decrease in the coating thickness seems to be due to a repetition of spallation and reproduction of the scale. It was presumed that for the specimen with the Ni aluminide layer formed by the (d) process, the Hf-concentration became high in the exterior region from about 10 µm in depth of the Ni aluminide layer during the oxidation test because the Hfcontaining layer was formed at 310 µm in depth of the Ni aluminide layer. It was reported that when the Hf-concentration in the NiAl became 1 at% or more, the spallation resistance of the scale became poor. 7) Therefore, the decrease in the coating thickness of this specimen seems to be loss of the Ni aluminide in the surface region, which contained much Hf, due to the repetition of spallation and reproduction of the scale. Furthermore, this coating contained about 15 at% Al. It is postulated that the decrease in the Al content in the coating was attributed to the repetition of spallation and reproduction of the Al 2 O 3 scale. A final scale adhering to the coating consisted of NiAl 2 O 4 as shown in Fig. 6(b) .
Morphologies of scale and coating after cyclicoxidation test
3.5 Change in coating and scale with cyclic-oxidation time Figure 7 shows cross-sectional micrographs and concentration profiles of Ni, Al, Cr, Hf and O in the specimens with Ni aluminide layers formed by the (a) process, for which the electrodeposition time of Hf was 0.6 ks, after the cyclic oxidations of (a) 2 cycles, (b) 5 cycles and (c) 10 cycles. It was found that the layer containing Hf formed at the interface between the coating and the substrate became thin with the oxidation time. At 10 cycles, this layer disappeared. This suggests that the Hf in the Hf-containing layer diffused from the layer into the coating and the substrate during the oxidation. Based on this diffusion, the coating seems to contain a small amount of Hf. The surface region of the coating at 2 and 5 cycles contained about 40 at% Al, and that at 10 cycles contained about 30 at% Al. For each specimen, a scale consisting of Al 2 O 3 was observed. It was found that these scales formed at 5 and 10 cycles locally entered the metal substrate under the scale, and the adhesion of the scale to the substrate was good. It was postulated that such a good adhesion of the scale resulted from a small amount of Hf being present in the coating. It was reported that the addition of a small amount of Hf into the Ni aluminide is effective for improving the spallation of the Al 2 O 3 scale on the Ni aluminide. 2, 3) It was suggested that the suppression of the Al 2 O 3 scale spallation due to the addition of a small amount of Hf resulted from the key-on effect of scale, 8) the void absorption in the scale/metal interface 9) and the improvement of plastic deformation of the scale. 10) Figure 8 shows cross-sectional micrographs and concentration profiles of Ni, Al, Cr, Hf and O in the specimens with Ni aluminide layers formed by the (a) process, for which the electrodeposition time of Hf was 1.8 ks, after the cyclic oxidations of (a) 2 cycles, (b) 5 cycles and (c) 10 cycles. It was found that the layer containing Hf formed at the interface between the coating and the substrate became thin with the oxidation time, similar to the behavior shown in Fig. 7 . At 10 cycles, this layer remained in the form of fine particles. Moreover, the Hf diffusion layer with about a 30-µm thickness was observed. After 5 cycles, the formation of a scale with a wedge-shaped internal oxide was observed. It was found from the EPMA analysis that the scale consisted of Al 2 O 3 . At 10 cycles, a particle consisting of HfO 2 , which looked white, was observed at the head of the wedge-shaped internal oxide. Moreover, this particle was also observed in the external scale. Such HfO 2 particles were formed by the oxidation of Hf, which diffused from the layer containing Hf to the metal below the scale. As shown in Fig. 5 , the cyclicoxidation resistance of the specimen with the coating prepared by Hf electrodeposition for 1.8 ks was worse than that for 0.6 ks. This result seems to be attributed to the fact that for the specimen with the coating prepared by Hf electrodeposition for 1.8 ks, the Hf concentration in the Ni aluminide below the scale increased during the oxidation test, and as result, HfO 2 particles were formed in the scale consisting of Al 2 O 3 ( Fig. 8(c) ). It was reported that when the Hf concentration in the NiAl was 1 at% or more, the spallation resistance of the scale was poor. 7) It is presumed that when the Hf concentration increases in the Ni aluminide below the Al 2 O 3 scale during the oxidation test, the HfO 2 particles are formed in the scale. It has been known that when a new oxide was formed in the oxide constituting the scale, the compression stress was generated in the scale, and this stress led to partial spallation of the scale. 11) Figure 9 shows cross-sectional micrographs and concentration profiles of Ni, Al, Cr, Hf and O in the specimens with Ni aluminide layers formed by the (d) process after the cyclic oxidations of (a) 2 cycles and (b) 10 cycles. At 2 cycles, a thin layer containing Hf was observed near the coating surface. The surface region, expect for the layer containing Hf, contained about 45 at% Al. A thin scale consisting of Al 2 O 3 was formed on the coating. At 10 cycles, no continuous layer containing Hf was observed. The scale became thick, and it consisted of Al 2 O 3 and HfO 2 . This HfO 2 resulted from the oxidation of Hf which reached the coating surface by diffusion from the layer containing Hf. For this specimen, spallation of the scale was observed. It is postulated that this spallation was attributed to the generation of stress due to the fact that HfO 2 particles were formed in the scale consisting of Al 2 O 3 .
Consequently, the specimen for which the layer containing Hf was formed at a deep site in the Ni aluminide coating ((a) process) contained a small amount of Hf in the surface region of the coating during the oxidation test and showed a high cyclic-oxidation resistance, while the specimen for which the layer containing Hf was formed at a shallow site in the coating ((d) process) contained a relatively large amount of Hf in the surface region of the coating during the oxidation test and showed a low cyclic-oxidation resistance.
As described above, the cyclic-oxidation resistance of the Ni aluminide-coating with the Hf-containing layer depended on the Hf-concentration in the surface region of the Ni aluminide layer, and increased when this concentration was below 1 at%. 7, 12, 13) It is presumed that the Hf-concentration in the surface region of the Ni aluminide layer depended on the depth of the Hf-containing layer in the Ni aluminide layer, the thickness of the Hf-containing layer and the Hf-concentration in the Hf-containing layer. Thus, the Hf-concentration in the surface region of the Ni aluminide layer decreased when the Hf-containing layer was formed at a deep site or the Hfelectrodeposition time was short. Therefore, it is presumed that even if the Ni aluminide layers are prepared by the (b) and (c) processes, the Ni aluminide layers show a high cyclicoxidation resistance when the Hf-electrodeposition time is shorter than 0.6 ks. by the (a)(d) processes shown in Fig. 1 , and examined the cyclic-oxidation resistance of the Ni-10 at%Cr-8 at%Al alloy covered with these coatings. 4) As a result, we observed a high oxidation resistance when the Y-containing layer was formed in the vicinity of the center of the Ni aluminide layer ((b) and (c) processes). For the Ni aluminide-coatings with the Hfcontaining layer in the present study, however, when the Hfcontaining layer was formed in the vicinity of the center of the Ni aluminide layer, the cyclic-oxidation resistance was poor (Fig. 4) . In this section, we discuss the reasons why the cyclic-oxidation resistance of the Ni aluminide-coating with the Hf-containing layer was worse than that with the Ycontaining layer. One reason seems to be the difference in the concentration of the reactive element in the layer containing the reactive element before the oxidation test. The Y concentration in the Y-containing layer was about 3 at%, whereas the Hf concentration in the Hf-containing layer was about 8 at%. As a result, the concentration of Hf in the surface region of the Ni aluminide layer with the Hfcontaining layer during the oxidation test was also higher than that of Y in the surface region of the Ni aluminide layer with the Y-containing layer. It was reported that when the NiAl contained 1 at% Hf or more, the cyclic-oxidation resistance of the NiAl became poor. 7) Therefore, the cyclicoxidation resistance of the Ni aluminide-coating with the Hfcontaining layer was worse than that with the Y-containing layer. Another reason why the cyclic-oxidation resistance of the Ni aluminide-coating with the Hf-containing layer was worse seems to be the difference in the solubility limit between Hf and Y in the Ni aluminide. It was found from Ni AlHf phase diagram at 1200 K 14) that the solubility limit of Hf in the NiAl at 1200 K was about 3 at%. On the contrary, Rommerskirchen 15) showed that for NiAl containing 0.39 mass% Y, the NiAlY alloys containing 30 and 29 mass% Y were deposited within the grains and along the grain boundaries, respectively. We also observed in a previous study 4) that for the Ni aluminide-coating specimen with the Y-containing layer, Y was deposited as the NiAlY alloy at the grain boundaries in the surface region of the Ni aluminide layer during the oxidation test. These results indicated that Y scarcely dissolved into the Ni aluminide. Based on these reasons, for the Ni aluminide-coating specimen with the Hfcontaining layer in the vicinity of the center of the Ni aluminide layer, the Hf concentration became high in the surface region of the Ni aluminide during the oxidation test, whereas for that with the Y-containing layer, the Y concentration did not become high. This seems to be the reason for the difference in the cyclic-oxidation resistance between the Ni aluminide-coating specimen with the Hfcontaining layer and that with the Y-containing layer.
Conclusions
The preparation of a Ni aluminide coating containing Hf was done by the aqueous solution electrodeposition of Ni and the molten salt electrodeposition of Al and Hf. The cyclicoxidation resistance of the NiCrAl alloy covered with the Ni aluminide coating was evaluated. The following conclusions were obtained.
(1) A Ni aluminide coating, in which the depth of the layer containing Hf was changed, could be prepared by the change in time of the first and second Ni electrodepositions of a three-step electrodeposition of Ni, Hf and Ni. (2) The specimen for which the layer containing Hf was formed at a deep site in the Ni aluminide coating showed a high cyclic-oxidation resistance. Among these specimens, the specimen with the coating prepared by the Hf deposition time for 0.6 ks showed the highest cyclic-oxidation resistance. (3) For the specimen showing a high cyclic-oxidation resistance, the adhesive scale consisting of Al 2 O 3 was observed.
